Resonance fluorescence of a two-level atom near a rough metal surface J. Chem. Phys. 85, 567 (1986) The method of multiple scales is used to derive a solution of the damped optical Bloch equations of a twolevel atomic system due to a strong pulsed field. The time dependence of the oscillations of the atomic inversion influenced by detuning and power broadening is found. The population inversion consists, in general, of three terms: a quasisteady term, a quasisteady term that decays with time, and an oscillatory term that also decays with time. In the limit of constant fields, the solution of Torrey for damped systems and that of Rabi for undamped systems are recovered. For an adiabatic switching of the field, the solution for undamped systems reduces to that of Crisp in the adiabatic following limit. An equation describing the field envelope is derived for an arbitrary amount of detuning. At exact resonance, this equation reduces to a pendulum equation, in agreement with previous analyses.
INTRODUCTION
The damped optical Bloch equations have been used to express the response of near-resonant atoms to an applied field. Some of these near-resonant optical phenomena have strong analogues in nuclear and electron spin resonances such as optical nutation, photon echoes, and free induction decay. However, many other effects, particularly those involved in the propagation of intense pulses of radiation, are peculiar to the optical region of the frequency spectrum. This work is concerned with some nonlinear effects due to an off-resonant pulse which varies slowly compared with the precession period of the Bloch vector while its duration is not short compared with the relaxation times.
The semiclassical optical Bloch equations arise directly and naturally from the Heisenberg picture. In the rotating wave approximation and in a rotating frame, the equations describing the nearly stationary Bloch vector p with the components u, v, and W are
where A = W -Wo is the detuning, Wo is the frequency associated with the level in question, [(t, z) is the amplitude of the electric field E defined by E= [(t,z) x cos(wt -Kz), U and v are the dipole components, W is the inversion, and K is the dipole moment.
Incoherent, possibly nonelectromagnetic, interactions are introduced into the two-level atomic dynamics by way of phenomenological relaxation constants, in the manner in which Bloch incorporated relaxation effects into the magnetic resonance theory. These constants are intended to account for the effects of collisions, of natural spontaneous decay, and of all other incoherent line-broadening processes. Thus, the damped Bloch equations are 1 (4) 2528 Journal of Applied Physics, Vol. 47, No.6, June 1976
where Y1=1/T 1 and y 2 =1/T 2 are decay constants, and we is the equilibrium value of the inversion when E = O.
Along with Eqs. (4)- (6), we introduce the classical in-phase and in-quadrature Maxwell's equations
where R is the atomic density, K is the wave number, For the case of continuous fields (i. e. , [ is a constant), Rabi2 and Torrey3 gave detailed exact solutions for the undamped and damped Bloch equations, respectively. Under certain conditions, it is possible to remove the restriction that [ be constant and find approximate solutions to the damped Bloch equations. Crisp4 presented an approximate solution by utilizing the adiabatic following limit, 5 in which [(t, z) and the Bloch vector components vary slowly on the scale A-I.
In this paper, we use the condition that the Bloch vector components are slowly varying functions of time and present an approximate solution of the damped Bloch vector equations by using the method of multiple scales. 6 This technique has been successfully used by the authors7 to solve the density-matrix equations under the influence of a strong pulsed field. We consider square as well as adiabatic pulses so that the results for a constant field can be easily recovered and the oscillations due to initial polarizations of the system can be derived.
AN APPROXIMATE SOLUTION
We assume that the field amplitude c(l,z) varies slowly with respect to the time scale n-I , where n is the the precession frequency of the Bloch vector equations, and express this fact by writing C =C(T,Z), where T=Et with E being the small parameter. Since Eqs. (4)- (6) are a system of equations having slowly varying coefficients, one can use the method of multiple scales 6 to determine an approximate solution to these equations. To this end, we let
(10) (11) (12) (13) Substituting Eqs. (10)- (13) into Eqs. (4)- (6) and equating the coefficients of exp(n1J) on both sides with n = 0 and 1, we obtain where primes denote differentiation with respect to the argument.
To solve these equations, we expand the G's and F's in power series in terms of E as for m = 1,2, and 3. The functions Am are still undetermined at this level of approximation; they are determined by invoking the solvability condition at the next level of approximation. This is the reason for writing down the terms of OlE) as well as those of OlEO) in Eqs. (17)-(19) .
Fn(T;E)= Fno(T) + EFnl(T)
Since the determinant of the coefficient matrix of the homogeneous parts of Eqs. (32)-(34) vanishes according to Eq. (35), if one attempts to solve these equations by using Cramer's rule he will find that F u , F2H and F31 are unbounded, and hence Eqs. (32)-(34) are unsolvable unless all the numerators vanish. The vanishing of these numerators yields the following solvability condition:
Substituting for the F mo from Eqs. (37)-(39) into Eq. (41), using Eq. (35), and integrating the resulting equation, we obtain (42) where the c m are complex constants in general which can be deter mined from the initial conditions.
With the above results, we find the following first-• order uniform expansion: (45) where C1> C 2 , and e are real constants to be determined from the initial conditions (29)- (31) and (41); the result is
THE CASE OF EQUAL DECAY CONSTANTS
Combining these equations and solving for A 1 ( r), we have
A1(r)= C1K[/Q.
Therefore, Eqs. 
UNDAMPED CASE
In the absence of damping, Y 1 = Y2:::: 0,
In this case, we note that lim y1r=0.
For the case of a rapidly switched field [i. e. ,
(53) u_K [(r)[uoK[(-oo) 
(59)
When the atom is initially in the ground state, U o = va = 0 and wo= -1, and Eqs. (59)-(61) reduce to
When the field is constant, c(r)=c (-oo) and a(r) = a( -00). In this case, the lower limits in the integrals of Eqs. (62)-(64) are replaced by zero, and these equations reduce to
w=-l+---nzsm '2 at+ O(E), which agree with those of Rabi. 2
In the adiabatic following limit C ( -00 ) = 0, and Eqs. (62)- (64) reduce to Kc(r) U=[~2+K2c2(rlF72 +O(E), 
V=O(E),
It can be easily shown that this solution agrees with the exact solution for self-induced transparency in the linear regime. 4
EXACT RESONANT CASE
As mentioned before, the present solution is valid when the field variation is small compared with a. For . small fields, this condition is satisfied only for large ~, while for strong fields, the solution is valid for all detunings including the zero case. Thus, for a square pulse for which C (-00) is not small, as ~ -0,
(73) (74) which is the exact solution. Comparing Eqs. (72)-(74) for the exact resonant case with Eqs. (62)-(64) for the off-resonant case, we conclude that the off-resonant dipole response to the field cannot be written in the same form as the exact resonant response but with a detuning-dependent amplitude. In other words, the factorization assumptions does not hold according to the present theory.
PULSE ENVELOPE
Substituting for v from Eq. (63) intoEq. (8) and assuming that C(t,z)=C(~), where ~=t-z/V and V is the constant pulse phase velocity, we obtain . . 1 ' " 8(-00) When ~ = 0, Eq. (75) reduces to (76) which agrees with previous analyses.
1 Equation (76) shows also that the factorization assumptions does not hold.
CONCLUDING REMARKS
We used the method of multiple scales to obtain an approximate solution of the damped Bloch equations, for an arbitrary amount of detuning, due to the influence of a strong pulsed field. This solution can be specialized to recover the solutions of Rabi2 and Torrey3 for constant fields, and the solution of Crisp4 in the adiabatic following limit. A number of special cases are discussed that include strong collisions, exact resonance, and undamped systems. The problem of pulse envelope is also discussed .•
